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Centrifugal pumps are often used in operating conditions where they can be susceptible to premature failure. The 
cavitation phenomenon is a common fault in centrifugal pumps and is associated with undesired effects. Among 
the numerous cavitation detection methods, the measurement of suction pressure fluctuation is one of the most 
used methods to detect or diagnose the degree of cavitation in a centrifugal pump. In this paper, a closed loop was 
established to investigate the pump cavitation phenomenon, the statistical parameters for PDF (Probability Den- 
sity Function), Variance and RMS (Root Mean Square) were used to analyze the relationship between the cavita- 
tion performance and the suction pressure signals during the development of cavitation. It is found that the statis- 
tical parameters used in this research are able to capture critical cavitation condition and cavitation breakdown 
condition, whereas difficult for the detection of incipient cavitation in the pump. At part-load conditions, the 
pressure fluctuations at the impeller inlet show more complexity than the best efficiency point (BEP). Amplitude 
of PDF values of suction pressure increased steeply when the flow rate dropped to 40 m*/h (the design flow rate 
was 60 m°/h). One possible reason is that the flow structure in the impeller channel promotes an increase of the 
cavitation intensity when the flow rate is reduced to a certain degree. This shows that it is necessary to find the 
relationship between the cavitation instabilities and flow instabilities when centrifugal pumps operate under 


part-load flow rates. 
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Introduction 


Cavitation is a common fault in centrifugal pumps and, 
if a pump operates under cavitating conditions, the fol- 
lowing situations will always be observed: pump capaci- 
ty reduced, head degradation, and high levels of noise 
and vibration. The erosive damage of the exposed surface 
is also responsible for cavities. Although the implosion of 
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the cavities is generally associated with undesired effects 
[1], it provides a powerful method for the monitoring and 
diagnosis of cavitation in the centrifugal pump, such as 
the detection of cavitation in centrifugal pump by vibra- 
tion methods [2]. For reliable cavitation detection, an 
appropriate detection technique should be used. There are 
many ways to detect cavitation, including vibration sig- 
nal measurement mentioned above, the pressure fluctua- 
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Nomenclature 
H pump head (m) 
n rotating speed (r/min) 
Ns specific rotating speed 
NPSHA net positive suction head available (m) 
NPSH, net positive suction head breakdown (m) 
NPSH, net positive suction head critical (m) 
NPSH; net positive suction head inception (m) 
NPSHR net positive suction head required (m) 
p pressure (Pa) 
PDF probability density function 
Q volume flow rate (m/h) 


tion signal using pressure transducers [3], the waterborne 
acoustic signal from hydrophones [4], and the visual ob- 
servation of cavitation criterion by high-speed digital 
cameras [5]. Angular speed of the pump shaft and stator 
current of the motor driving the pump were also pro- 
posed by Alhasmi to detect the fluctuations of the hy- 
draulic load on the motor [6]. 

For pump designers, it is important to know the be- 
ginning, developing and breakdown of cavitation in the 
pump. Besides, it is a must to ensure that the net positive 
suction head available (VPSHA) is greater than the net 
positive suction head required (VPSHR) during the oper- 
ation of the pump. When the suction pressure is gradually 
reduced, three critical NPSH values should be identified 
in the cavitation performance graph, the first critical val- 
ue is NPSH; at which cavitation first appears. As the 
pressure further reduces, the degradation of pump per- 
formance will occur, while the NPSH, is defined at which 
the head drops to a certain value. In the present work, the 
NPSH, value shows the condition that the pump head 
begins to drop. Further reduction in the suction pressure 
will lead to head breakdown, denoted by NPSH, [7,8]. It 
was found that the cavitation instabilities start to occur in 
the range where the head is not yet decreased, whereas 
the dynamic loads on the shaft and the blades increase 
steeply in pumps. Therefore, it is significant to further 
study the cavitation characteristics to ensure the reliabil- 
ity of the pump operation. 

In the current research, concerning the development of 
cavitation in a centrifugal pump, experimental investiga- 
tions have been carried out in a closed hydraulic test rig. 
The relationship between the cavitation performance and 
the suction pressure signals were carried out to detect and 
diagnose the cavitation pattern in a centrifugal pump. 
Both the average pressure and pressure pulsation at the 
impeller inlet have been adopted during the process of 
cavitation development. The statistical parameters for 
PDF, Variance and RMS were used to analyze whether 
they could be used to detect the degree of pump cavita- 
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RMS root mean square 

u velocity (m/s) 
Greek letters 

4 pump efficiency (%) 
u mean value 

p density (kg/m*) 

o standard deviation 
o variance 

Subscripts 

0.5%, 1%, 2%, 3%, 4% percent of head drop 
BEP best efficiency point 


tion. The cavitation performance under part-load flow 
rates was also analyzed in the paper. 


Experimental Setup and Description 


Experimental apparatus 


The test equipment is shown in Fig. 1, which is a 
closed hydraulic test rig and consists of three parts: the 
recycle water-flow loop, the model pump, and the data 
acquisition equipment. The facility water is held in 4.5m° 
stainless steel reservoir tank, a rotary-vane vacuum pump 
is used to adjust the pressure inside the reservoir tank, 
and the flow rate is varied by the outlet butterfly valve 
and is measured by a turbine flowmeter. A 7.5 kW AC 
electromotor powered by a variable frequency controller 
was used to drive the test pump. The rotational speed is 
measured using a photoelectric tachometer. Both the suc- 
tion and discharge pressure signals are measured by pie- 
zoelectric pressure transducers, including two dynamic 
pressure transducers (HM90) and two static pressure 
transducers (CYG1102). In order to ensure the stability of 
the average pressure, four-point connections is adopted; 
the positions of the sensors are shown in Fig. 2. All the 
signals were identified and stored in the computers for 
further analysis. 


12 3 4 5 6 7 8 9 10 11 12 13 


Fig. 1 Schematic of the closed test rig (not to scale). 1, 3, 13) 
Ball valve; 2) Vacuum pump; 4) Pressure tank; 5, 10) 
Butterfly valve; 6) Gate valve; 7) Turbine flowmeter; 
8) Static pressure transmitter; 9) test pump; 11) elec- 
tromotor; 12) buffer tank. 
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Fig. 2 Position of the pressure sensors. 


General Overview of the Pump Performances 


The test pump used in this paper was a single-stage 
and single-entry centrifugal pump made up of a six-blade 
impeller and a volute with a specific speed of n,=101.6 at 
the best efficiency point (n, = 3.65n0°°H°’°/60). The 
design parameters of the pump are the head Hprp = 32 m, 
the rotating speed n=2900 r/min, and the flow rate Opgp= 
60 m*/h. 

Fig. 3 shows the experimental performances of the test 
pump, including the overall performance in noncavitating 
condition and the cavitation tests. For the experimental 
cavitation procedure, the inlet pressure drop is realized 
by the vacuum pump, while the rotating speed and the 
flow rate are fixed to constant values. The cavitation tests 
were carried out among the range of flow rate from 13 
m°/h to 65 m°/h. It is noted at the design flow rate that 
the value of NPSHR is 3.1 m (the NPSHR corresponding 
to a 3% drop in the pump head). As the hump characte- 
ristic of head-flow curves, it can be seen that the cavita- 
tion performance curves are almost coincident at three 
deep part load conditions. Five NPSH curves for percen- 
tage head drops (i.e., 0.5%, 1%, 2%, 3% and 4%) at var- 
ious flow rates and were also plotted in Fig. 3 (b). 

As mentioned above, three critical MPSH values 
should be identified to describe the development of cavi- 
tation. Take the cavitation performance of 60 m/h as an 
example. As the cavitation pattern cannot be directly ob- 
served in our experiment, and the head remains constant 
until the suction pressure drops to a certain value, the 
exact NPSH; value is, therefore, impossible to be identi- 
fied in Fig.3 (b). The condition that the pump head be- 
gins to drop (VPSHc) is also difficult to establish, as the 
tendency of head drop is slow in the range of the NPSHA 
value between 6.12 m (NPSH 5) and 4.69 m (NPSH}o,). 
The head breakdown is established at the NPSHA of 3.36 
m, which almost coincides with the value of VPSHR. 

Several different VPSHA conditions at Oggp were se- 
lected to analyze the characteristics of the impeller suc- 
tion pressure pulsation, as shown in Fig. 4. The vertical 
axis shows the amplitude of impeller suction pressure 
pulsation coefficient, which is defined as 
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Fig. 3 Experimental performances of the test pump. 


where p and p are the static and time average static 


pressures, respectively, and u, is the circumferential ve- 
locity at the impeller inlet. 

As can be seen from the figures, characteristics of suc- 
tion pressure change dramatically with the development 
of cavitation conditions. In cavitation-free condition, 
there is an obvious periodic trend of the suction pressure 
pulsation, and the type is mainly caused by rotor-stator 
interaction. At the initial stage of cavitation (NPSHA= 
7.15 m), no obvious change for pressure fluctuations 
compare with the ones at NPSHA=11.1 m, except the 
amplitude of the pressure fluctuation increased. A further 
decreasing of the suction pressure pulsation will lead to 
the range of pulse amplitude decrease and will also dis- 
turb the normal frequency. One possible reason is that the 
generation and collapse of vapor bubbles gradually play a 
dominant role to the pressure fluctuations with the dete- 
rioration of cavitation. Therefore, suction pressure pulsa- 
tion could be used as a cavitation characteristic signal to 
detect the development of cavitation. 


Statistical Methods and Definitions 


In the present study, the statistical parameters for PDF, 
Variance and RMS were used to analyze the relationship 
between the cavitation performance and the suction 
pressure signals during the development of cavitation. 
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Fig. 4 Time domain signals of impeller suction pressure pulsation at Qa. 


The PDF is a function that describes the relative like- 
lihood for this random variable to take on a given value. 
This method has been adopted by Faisal to monitor the 
cavitation performance in a centrifugal pump [9]. In his 
research, the shape of the PDF curve is altered with the 
flow rate increasing, while the changing PDF values with 
the decreasing pressure were not obtained. The PDF val- 
ue of a quantity x is defined as 

ppp a 2 
eae = 

Where u is the mean value of the quantity x and o° is 
the variance, which is defined as 


o? r e-w (3) 


The RMS value is often used to describe the square 
root of the average of squares of a set of numbers, which 
is defined as 


Prus ~ Erro (4) 


Where N is the total number of samples. 


Results and Analysis 


Statistical characteristics analysis of suction pressure 
fluctuations 


Fig. 5 shows the probability densities of suction pres- 
sure fluctuations at Ogep. With the continuing decrease in 
suction pressure, pump cavitation inevitably happens, 
and the shape of the PDF curves also change. The peak 
and the width of the curve are about 0.075 and 26, re- 


spectively, in cavitation-free condition. The tendency of 
the PDF curve is to broaden in span at the early stage and 
then narrow as the suction pressure further decreases. 
The width of the PDF curves would keep almost constant 
when the NPSHA drops to below 4.69 m, and the value 
of the span is about +4.8. This behavior may be the rea- 
son that 3ø criteria can used for cavitation monitoring in 
the centrifugal pump [10]. It is important to note that the 
criteria value is not a constant number, but will change 
with the flow rates. Fig. 6 presents the probability densi- 
ties of suction pressure at 65 m°/h. The tendency of the 
PDF curves was similar to the one at 60 m/h, except for 
the width of the PDF curves, as the value is about +3.6. 

In order to clarify the influence of cavitation on PDF 
of suction pressure signals, amplitude of PDF curve 
against NPSHA are presented in Fig. 7. Two interesting 
aspects could be summarised from the figure. Firstly, the 
tendency of the peak value was described. A slight 
change of the peak value was obtained at the early stage 
of suction pressure drop, and a steep increase in the value 
occurred at full developed cavitation condition. The re- 
sults indicated that the method of PDF analysis is suit- 
able for evaluating the cavitation performance of cen- 
trifugal pumps. 

Secondly, it was found that the peak value is able to 
capture the critical cavitation condition that head begins 
to drop and cavitation breakdown condition occurs. It is 
difficult for the detection of incipient cavitation in the 
pump. The reason may be that vapour bubbles occurred 
in the impeller channel are not enough to break the con- 
tinuity of the liquid at the early stage of cavitation. Hence 
vapour bubbles have less impact on the overall perform- 


201706.00794v1 


chinaXiv 


ChinaxXiv@ (ERA FI 


LI Xiaojun et al. Statistical Characteristics of Suction Pressure Signals for a Centrifugal Pump under Cavitating Conditions 51 


0.3 


l 
—NPSHA=11.1m =t- NPSHA=9.19m 


—>—NPSHA=8.17m ——NPSHA=4.64m 
0.25 I 


—=—NPSHA=5.11m —=NPSHA=4.69m 


——NPSHA=3.98m =S= NPSHA=4 66m 


0.2 ——NPSHA=3.36m —®=NPSHA=4.06m 


=a NPSHA=2.9m 


0.1 


0.05 


0.3 


—NPSHA=10.9m 
—t-NPSHA=9.42m 
=—NPSHA=7.38m 
—NPSHA=6.36m 
——NPSHA=4.91m 
——NPSHA=4.51m 
——NPSHA=3.89m 
=~ NPSHA=3.59m 
—NPSHA=3.38m 
—e— NPSHA=3.28m 
= NPSHA=3.19m 
NPSHA=3.09m 


= NPSH0.5%=6.63m 


=E NPSH1%5.08m 


er NPSH2%=3.62m 
=+ NPSH3%3.38m 


me NPSHS%= 327m 


6 8 10 12 
NPSHA (m) 


0.1 


Fig. 6 Probability densities of suction pressure fluctuations at 
65m°/h. 
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Fig. 7 Amplitude of PDF curve against VPSHA 


ance or pressure fluctuation of the pump. While a definite 
change occurred in the peak and span of PDF when the 
value of NPSHA is lower than 5.11 m, the NPSHA 
dropped from 5.11 m to 4.69 m and led to an increase of 
the peak value from 0.103 to 0.193. As observable head 
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drop is occurred in these cavitation stages, NPSHA=5.11 
m can be used to establish the critical cavitation condi- 
tion when the pump head begins to drop. When NPSHA= 
3.36 m, which corresponds to cavitation breakdown con- 
dition, the maximum peak value was also obtained. 

It can be seen from Fig. 8 that the trend followed by 
the Variance and RMS values of suction pressure signal 
is very similar. There are maximum values of the two 
curves at the NPSHA of about 9.19 m, but the reason of 
the presence of this phenomenon was not clear. This is 
partly because the flow pattern cannot be discernible to 
the eye in our experiment. The other is that the pheno- 
menon was not found in off-design conditions. Compared 
with the amplitude of PDF curve, a sharp decrease in the 
rate of change of slope of the Variance and RMS curves 
between 5.61 m and 4.69 m shows the critical cavitation 
condition that pump head begins to drop. In addition, the 
minimum value of RMS curve as well as Variance curve 
appears at NPSHA=3.36 m, which coincides with the 
maximum peak value of the PDF curve. A limited con- 
clusion may be given that the statistical parameters used 
in the paper were good markers for established cavitation 
and cavitation breakdown condition, but not its onset. 
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Fig. 8 Variance and RMS curves of suction pressure signal 
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Relation between flow rates and cavitation perfor- 
mances 


As mentioned above, large scale cavitating structures 
occurred near the impeller inlet are the main reason for 
the dramatic change of the three statistical parameters at 
normal flow rate. However, attention also should be paid 
to the cavitation performance at off-design conditions. In 
those conditions, the interaction between unsteady cavi- 
tation and separated flow makes the flow structure in the 
pump complicated. It is mentioned that flow separation 
phenomenon would occur at the blade leading edge when 
the pump operating at the off-design conditions. The 
phenomenon does not directly produce cavitation, but 
may boost the unsteady cavitation. Fig. 9 shows the am- 
plitude of PDF curves at different suction static pressure; 
the static pressure value is represented by the gauge 
pressure and marked in the figure. During the process of 
experiment, keep the suction static pressure at an exact 
value, and then the curves can be obtained by adjusting 
the flow rate of the pump. The selected curves show the 
flow transition, with decreasing flow rate, from a flow 
rate of 65 m’/h to conditions of large scale flow separa- 
tion in the impeller passage. 
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Fig.9 Amplitude of PDF curves of suction pressure signal for 
different flow rates. 


It was found that the trend of the peak value is almost 
decreasing with the decrease of the flow rate at the suc- 
tion pressure of 0 kPa. As no cavitation occurred in the 
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pump, the condition can be considered as a reference. 
With the flow rate decreased, a clear change of the peak 
of PDF can be found in Fig. 9(a). For the flow rates 
greater than 60 m/h, the peak value rises rapidly; for the 
flow rates between 55 m*/h and 40 m*/h, there is a nearly 
constant peak of PDF level. At less than 40 m*/h, the 
peak value has begun to increase. 

In order to describe the relation between the flow rates 
and cavitation performances more clearly, the relative 
value normalized by the peak value of noncavitating 
condition was obtained, as shown in Fig. 9(b). It was 
found that the relative value undergoes a clear change 
with the decrease of the flow rate and suction pressure. 
For the suction pressure lower than -60 kPa, the peak 
value rises rapidly, indicating that cavitation has been 
established. A clear increase in peak value at about 40 
m°/h shows that large scale flow separation in the impel- 
ler channel has a negative effect on unsteady cavitation. 

A possible explanation of cavitation phenomenon in a 
centrifugal pump at partial flow rate is as follows: with 
the pressure decreasing at the pump inlet by increasing 
the volumetric fraction of vapor, cavitation will gradually 
fill the impeller channel and disturb the normal flow pat- 
tern near the entrance of the impeller blades. At the flow 
rates between 55 m°/h and 40 m°/h, an increasing inci- 
dence angle destabilizes the vortex. As a result, cavitation 
has little effect on the running state of the pump. At less 
than 40 mĉ/h, unstable large-scale vortexes appeared in 
the impeller channel. Cavitation may promote the shed- 
ding of the vortexes, which leads to a dramatic increase 
of PDF amplitude with the decrease of flow rate. 


Conclusions 


An experimental investigation has been carried out to 
research the pressure fluctuation at the impeller inlet 
during the development of cavitation. Three different 
Statistical parameters were used in the paper for the de- 
tection of the onset of cavitation. The results indicate 
that: 

1. The three statistical parameters of pump inlet pres- 
sure pulsation can be used as definite indications of crit- 
ical cavitation condition. The pump head begins to drop 
and cavitation breakdown condition occurs, yet it is dif- 
ficult to detect incipient cavitation in the pump. 

2. As the suction pressure drops to a certain value, the 
rapid increase in PDF peak values can be found at all 
selected flow rates. The span of PDF curves keep almost 
constant, but will change with the flow rates. The steep 
increase in peak value could be used to establish cavita- 
tion, which is superior to the method determined by a 3% 
pump head drop. 

3. Cavitation inside the impeller has an obvious influ- 
ence on the flow pattern when the flow rate drops to a 
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certain value, as well as a dramatic increase of PDF am- 
plitude. 
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